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Aging is an expected and normal process across living organisms. It is characterized as a
loss of stress resistance, degeneration of tissues, and decline in motor function that happen
gradually across lifespan. Susceptibility to neurodegenerative and dystrophic conditions also
increase, and unlike aging, are not a normal aspect of lifespan. Discerning the difference between
normal and aberrant aging states will give insight into the mechanisms behind the progressive
dysfunction shared among organisms. Previous work in our lab has shown that the aging gene
p38 MAPK in Drosophila melanogaster plays a significant role in the aging process through its
downstream effects on nuclear and cytoplasmic targets, specifically through the regulation of
protein turnover and response to oxidative stress. Through a proteomics analysis of p38Kb
mutants across different ages, we found that levels of the extracellular matrix protein collagen IV
varied significantly with p38Kb manipulation. We will explore the nature of this relationship and
determine if loss of p38Kb results in aggregation of collagen IV, a loss of muscle structure, or
impairment of collagen IV trafficking across the plasma membrane. Additionally, we will
determine if loss of collagen IV results in increased oxidative stress and a decrease in lifespan.
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CHAPTER I: INTRODUCTION TO AGING AS IT RELATES TO OXIDATIVE STRESS,
PROTEOSTASIS, AND DEGENERATIVE DISEASES
Understanding the phenotypes of aging at the cellular level is crucial to the
characterization and treatment of age-related disease
Aging is an expected and normal process across organisms and is characterized as a loss
of stress resistance, degeneration of tissues, and decline in motor function that happens gradually
across lifespan (Niccoli and Partridge, 2012). With age, an organism becomes susceptible to
diseases that are exacerbated by the progression of time (e.g. neurodegenerative and dystrophic
conditions) and unlike aging, they are not a normal aspect of lifespan. While we are familiar with
the physical implications of senescence and age-related illnesses, the cellular and genetic
mechanisms are not fully understood. Discerning the difference between normal and aberrant
aging states will give insight into the mechanisms behind the progressive dysfunction shared
among living organisms. For humans, this is especially relevant because of the success of
modern medicine in prolonging lifespan, as the decrease in mortality has come with an increase
of time spent in age-related disease states (Crimmins, 2015). In order to extend the time spent in
good health in conjunction with lifespan, it is necessary to comprehend aging at the cellular
level. This involves understanding the roles and relationships of genes that are involved in the
aging process and how this affects the tissue and organism as a whole.
Two signs of cellular aging include the decreased ability to manage oxidative stress and
imbalanced protein homeostasis (López-Otín, 2013). Oxidative stress refers to the damage
caused by reactive oxygen species (ROS). These highly reactive molecules, including
superoxide, hydrogen peroxide, and hydroxyl radicals, are byproducts of normal cellular
processes like ATP production in the mitochondria, and are also formed through environmental
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exposure to toxins, e.g. commercial herbicides like paraquat (Pizzino et.al, 2017). Cells are able
to counteract the negative effects of oxidative stress through the expression of antioxidant
enzymes that convert ROS to less reactive molecules ( Shim et.al., 2013). This balance of
antioxidants and ROS is critical to the maintenance of a cell’s health. Though controlled amounts
of free radicals have been shown to be beneficial to organisms (Pizzino et.al, 2017), excess
amounts of ROS inappropriately oxidize the structures within a cell, resulting in DNA damage,
lipid peroxidation of membranes, and misfolding of proteins, all of which can lead or contribute
to degenerative disease (Cui et.al, 2012).
Protein homeostasis, or proteostasis, describes the translation, folding, maintenance, and
turnover of an organism’s proteome. The maintenance of proteostasis is critical to ensure proper
levels of proteins involved in generating a functional cellular environment (Koga et.al, 2010).
When proteins undergo oxidative damage, they lose their native form and are either repaired
though the help of chaperone proteins or tagged with ubiquitin to signal their degradation (Hagai
et.al, 2010). If the cell is unable to properly or timely degrade these proteins due to an aging or
deficient system, they can amalgamate into structures called protein aggregates. These masses of
dysfunctional proteins accumulate and impair cellular function more severely over time because
they cannot be properly degraded by the cell’s macroautophagic machinery. In Drosophila, it is
possible to measure the oxidative damage to an organism’s proteome through a technique called
oxyblot analysis. This involves the detection of carbonyl groups that are added to specific
residues in proteins affected by oxidative stress (Vrailas-Mortimer et.al., 2011).
The known effects of protein aggregation include neurodegenerative or dystrophic
diseases like Alzheimer’s and limb girdle muscular dystrophy, although the exact mechanism of
this pathology is not fully characterized (Olzscha et.al, 2011). It is important to note that not all
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proteins are prone to aggregation, and that aggregates themselves are not necessarily confined
within a cell (Holmes et.al., 2012). For example in Huntington’s disease (HD), aggregation of
huntingtin protein is found in the internuclear regions of neurons of the striatum, thalamus, and
cerebral cortex (Kumar et.al., 2016). Whereas in Parkinson’s disease (PD), inclusions of αSynuclein protein accumulate in dopaminergic neurons of the substantia nigra of the brain. These
aggregates are not confined to the cell bodies of these neurons and are capable of being excreted
from cells to the surrounding tissues and cells (Stefanis et.al., 2012). Aggregates in limb girdle
muscular dystrophies have been reported in the sarcoplasm of patients, and in fractionation
experiments where the location has not been verified (such as the CAPN3-related type in the
mouse models) Bengoechea et.al., 2015);( Kramerova et. al., 2005).
To fully understand the pathology of disease associated with protein aggregation, the
aggregating proteins and locations of the aggregates must be identified.
The challenges associated with studying age-related diseases
Age-related studies encompass a large variety of diseases affecting different tissue types,
and scientists have identified oxidative stress and imbalanced proteostasis as commonalities in
these disorders. Research of these diseases in human patients is highly limited due to the
extended progression of the diseases and the lack of tools to study detailed tissue changes in real
time. To bypass these issues, models for neurodegenerative diseases have been developed in
other organisms like mice and the fruit fly Drosophila melanogaster.

3

Drosophila as a model for studying age-related illness
Drosophila is an excellent organism to study abnormal aging phenotypes because their
short lifespan and abundance make it possible to observe the progression of disease in many flies
over several months as opposed to years in other systems. Drosophila also has many highly
conserved genes with humans that relate to aging and disease, and well-characterized genetic
tools that can be used to manipulate gene expression in specific tissues. One of these tools is the
UAS/GAL4 system (Figure 1); (Brand et.al, 1993). This system requires two different constructs
to induce altered expression of a trans gene of choice. The first part is a tissue specific promoter
upstream of a GAL-4 transcription factor. The second part of the system is the upstream
activation sequence (UAS) located upstream of a transgene, which may be a wild-type copy of a
gene of interest, a mutant copy or RNA interference (RNAi) for a specific gene. The GAL4
transcription factor will bind to the UAS sequences, resulting in the transcription of the gene of
interest in the tissue designated by the promoter. Two flies who each have a component of the
system are crossed to ensure that their offspring have both the tissue specific GAL-4 and the
gene of interest itself. The offspring are then tested for phenotypic changes, if they exist.
Comparison between human and Drosophila tissues is also possible due to the similarity
in purpose and morphology. Both humans and Drosophila melanogaster have striated,
multinucleated muscle that aids in movement, stability, and maintenance of gait. Flies have large
groups of this type of muscle, known as indirect flight (IDF) muscle that, when compared
microscopically, is structurally and molecularly similar to human skeletal muscle. Both
Drosophila IDF muscle and human skeletal muscle have myofibrils composed of sarcomere
units of approximately the same length, an average of 3.6 μm in humans, and 3.4 μm in flies
(Chen et.al., 2016); (Shwartz et.al., 2016).
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With access to tissue specific genetic tools, a high degree of conservation between
disease-causing genes, and strong morphological similarities between tissues, it is possible to
manipulate and model the role of dysfunctional genes in muscular dystrophies using Drosophila
melanogaster to study human diseases.
Limb Girdle Muscular Dystrophy: The role of Collagen IV Induced Oxidative Stress and
Protein Aggregation
Limb girdle muscular dystrophy (LGMD) is a class of progressive, degenerative
myopathies that are linked to increased levels of oxidative stress and protein aggregation (Moore
et.al, 2006). Affecting 1 in 200,000 people in the United States, the classic symptoms include
hypotonia, joint loosening, and wasting of the proximal skeletal muscles (Moore et.al, 2006). In
severe cases, patients will lose the ability to ambulate, require mechanical ventilation to breathe,
or have cardiac issues that lead to arrhythmia and cardiomyopathy (Atchayaram, 2015).
Treatments for LGMD include physical therapy with low impact movements that prevent joint
contracture, although it is unclear whether certain types of exercise could hasten muscle wasting
and joint deterioration (Saroja et.al, 2013). Treatment is heavily individualized amongst people
suffering from the same or similar subtypes of the disease due to differences in onset of
symptoms as well as severity and progression. While there are over 30 subtypes of congenital
LGMD caused by mutations in different genes, two specific disorders, Bethlem and Ullrich
muscular dystrophies, are linked to mutated forms of collagen (Saroja et.al, 2013).
Collagen is a major component of the basement membrane, an acellular interstitial
structure in the extracellular matrix (ECM) that provides tensile strength and form for underlying
tissues. In Drosophila melanogaster, the protein is encoded by /genes viking (vkg) and col4a1,
which form an alpha-helix heterotrimer of two col4a1 and one vkg chains (Ricard-Blum, 2011).
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Within a cell, the collagen precursor, pre-pro-collagen, is post-translationally modified in the
endoplasmic reticulum through removal of a portion of its n-terminus, hydroxylation of lysine
and proline resides, which aid in the triple helix arrangement, and glycosylation through the help
of several enzymes (Abreu-Velez et.al., 2012). SERPIN-H1 (or Hsp47 in humans) is a heat
shock chaperone that binds to procollagen in the endoplasmic reticulum and facilitates its folding
into a triple helix formation and transport to the Golgi apparatus (Nagata, 1996). If either
association or dissociation from procollagen is impeded (in the ER and Golgi bodies,
respectively) procollagen will accumulate and be unable to undergo further processing (Nagata,
1996).
Additionally, p38Kb has been shown to regulate Rab5-mediated endosomal trafficking
through the promotion of GDI:Rab5 complex, even in p38Ka -/- backgrounds (Cavalli et.al.,
2001). This robust connection between p38Kb and rab5 has been further supported through
membrane enlargement phenotype and improper endosomal formation as seen in rab5 mutant
backgrounds (Cavalli et.al., 2001); (Zang et.al., 2015). A possible link between p38Kb mutation
and subsequent rab5 inhibition may lead to LGMD phenotypes. In Drosophila, these alpha
helical procollagen subunits are then transported to the Golgi apparatus for further modification,
and finally to the endoplasmic reticulum where they are prepared for exocytosis into the
extracellular matrix, and incorporated into the basement membrane, where the triple helix
subunits form disulfide bonds at their 7S domains and begin to form a sheet-like structure. This
mature collagen provides rigidity and defies stretching (Wu et.al., 2020).
The extensive regulation of immature and native forms of collagen complicates the study
of its role in any disease because the consequences of its mismanagement can present themselves
as entirely different conditions. Interruptions in the formation or transport of collagen in its
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immature forms have been linked to its aggregation within organelles, cytoplasm, and at the
periphery of a cell, which has led to the impediment of other vital cell functions, such as extra
and intracellular transport (Canty et.al., 2005); (Zeng et.al, 2015). This has been tested in
Drosophila through the mutation of endosomal trafficking proteins rab5 and GTPase shibire,
which caused overgrowth and disruption of the morphology of the plasma membrane, as both
proteins are directly involved in the maintenance of a regular plasma membrane cortex through
the formation of transport vesicles (Zeng et.al, 2015). While exocytosis of collagen IV was not
affected by this change in the plasma membrane, collagen IV was found to aggregate in and at
the periphery of the cell in the ECM, where it formed fibrotic clumps between the folds of the
overgrown plasma membrane.
Mutations in collagen encoding genes themselves have pleiotropic effects, as the protein
is pervasive throughout body systems in both vertebrates and invertebrates. In Drosophila, loss
of organization and damage of muscle tissue is observed when subunits of collagen IV are
knocked down or mutated (Ricard-Blum, 2011). This damage increased deposition of
extracellular collagen in the form of fibrosis. The severity of phenotype worsens if the collagen
is not able to form its triple helix structure with glycine at every third residue, thus losing the
stability of its structure (Gly-X-Y) (Ricard-Blum, 2011). It has been hypothesized that this leads
to tearing and separation of the basement membrane, resulting in dystrophic muscle phenotypes.
However, the improper maintenance of functional collagen is also problematic.
Once fully processed, mature collagen is resistant to most proteases, making its
degeneration difficult if fibrotic aggregates do occur (Zang et.al., 2015). Using in vitro squamous
cell carcinoma cells, the artificial induction of the p38 MAPK system has been found to regulate
the activation of MMP-9, a matrix metalloproteinase (Simon et.al., 1998). Metalloproteases are a
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class of zinc-dependent collagenases that facilitate the maintenance and turnover of the ECM
through remodeling and are also involved in the metastatic process of cancers (Gweon et. al.,
2014).
To understand the role of collagen in age-related diseases like limb girdle muscular
dystrophy, it is imperative to determine where and how collagen is mismanaged. As there are
several chaperones and regulators of collagen that could affect its processing, we decided to
focus on a stress response regulator that has been linked to other aging phenotypes, p38K of the
p38 MAPK system.
The p38 MAPK biological pathway is a significant regulator of age and oxidative stress
response in Drosophila melanogaster
Across evolutionary time, organisms have developed defensive mechanisms that combat
the environmental and internal stresses which contribute to aging and degenerative conditions
like LGMD. These mechanisms include stress response systems that, when activated in the
presence of a particular insult, activate other appropriate stress response genes and proteins. One
of these mechanisms is the highly conserved p38 MAPK (p38K) pathway, which is involved in
many cell processes including apoptosis, cell-differentiation, cell-cycle regulation, and immunity
(Figure 2); (Coulthard et.al., 2009). The dual phosphorylation of p38K leads to its activation,
initiating a phosphorylation cascade that regulates downstream targets, such as other
transcription factors and damaged proteins targeted for degradation in the cytoplasm. In
Drosophila melanogaster, there are 3 p38K genes (p38Ka, p38Kb, and p38Kc) that respond to
oxidative stress.
Although all 3 p38K genes are involved in stress response with an overlap in functions,
p38Kb is particularly interesting because its altered expression in muscle tissue has been shown

8

to significantly regulate lifespan, oxidative stress levels, and age-dependent proteostasis, the
hallmarks of degenerative, age-related disease (Vrailas-Mortimer et.al., 2011).
Manipulation of p38Kb in muscle tissue regulates aging, and age-related processes in
Drosophila melanogaster
Overexpression (OE) of p38Kb in muscle tissue caused a 37% increase in lifespan as
compared to controls. Conversely, p38Kb mutants saw a decrease in average lifespan (VrailasMortimer et.al, 2011). Additionally, p38Kb mutants exhibit premature locomotor behavior
defects that are associated with increased age (Vrailas-Mortimer et.al, 2011). This indicates that
p38Kb regulates the extension of healthy lifespan in Drosophila.
p38Kb Regulates Oxidative Stress Response in Drosophila
Another aspect of aging that p38Kb has been shown to regulate is oxidative stress. In
order to examine the levels of oxidative stress within a fly, a GTSD1 promoter which contains an
antioxidant response element (ARE), was fused to GFP. When the flies were exposed to
oxidative stress-inducing ROS from either internal or external sources, they fluoresce green in
the intensity and location of the oxidative stress (Chatterjee et.al, 2012). Overall, p38Kb mutant
flies showed higher levels of oxidative stress in both 3-day and 15-day old flies as compared to
controls based on intensity and location of fluorescence , while p38Kb OE flies have reduced
oxidative stress as compared to controls. Using oxyblot analysis, the proteomes p38Kb mutants
were found to have more oxidative stress than controls of the same age; the same is true for flies
exposed to oxidative stress inducer, paraquat (Vrailas-Mortimer et.al., 2011). When exposed to
the herbicide paraquat, p38Kb OE flies showed less fluorescence in more contained regions of
the flies as compared to controls (Vrailas-Mortimer et.al, 2011).
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p38Kb Regulates Proteostasis in Response to Aging
p38Kb aids in the maintenance of proteostasis by reducing the amount of protein
aggregation seen across lifespan in Drosophila (Ryan et.al., 2019). In the muscle tissue of old
flies, p38Kb mutants show that protein aggregates are both more abundant and larger than the
aggregates in control flies at both young and old ages (Ryan et.al., 2020). In p38Kb OE flies,
protein aggregation was highly reduced as compared to control flies throughout aging (Ryan
et.al., 2020). These data indicate that p38Kb plays an active role in the maintenance of a healthy
proteome through the reduction of protein aggregation.
A subsequent proteomics study on manipulated p38Kb flies vs. controls was conducted to
potentially reveal the identity of p38Kb’s targets. This large-scale study using over 3,000 flies
identified protein expression levels that varied significantly with p38Kb manipulation (both OE
and mutant) and age as compared to controls. Those whose expression varied significantly were
determined to be regulated by p38Kb, potentially as either through transcription, translation, or
protein degradation. These p38Kb regulated proteins were examined to determine if this data set
is enriched for proteins that are associated with age-dependent diseases. We found that 32% of
the fly homologues for limb girdle muscular dystrophy proteins were present in the p38Kb data
set, one of which was collagen IV (p=0.0166, unpublished data generated by Josh Hill). The
significance of the amount of proteins whose expression was enriched by p38Kb manipulation
indicates that p38Kb plays a role in limb girdle muscular dystrophy pathology.
Therefore, p38Kb is an excellent candidate to examine the impacts of oxidative stress
and disruptions of collagen on conditions associated with abnormal aging phenotypes, such as
Limb Girdle Muscular Dystrophy.
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Figure 1. The UAS-GAL4 system is a 2-part genetic construct that allows for the manipulation
of gene expression in Drosophila.
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Figure 2. p38MAPK Phosphorylation Cascade. Shows the p38 MAPK phosphorylation
cascade that is triggered by stress signals such as oxidative stress. P38 MAPK has been shown to
regulate proteins through physical interactions in the cytoplasm and also through transcription
factor activation of specific genes.
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CHAPTER II: THE EFFECTS OF OXIDATIVE STRESS ON p38K TRANSCRIPTIONAL
REGULATION
Introduction
Organisms often encounter oxidative stress through both environmental and internal
sources that lead to damaged cellular structures such as mitochondrial damage, misfolded
proteins, DNA breaks, and ER stress (Kourtis et. al., 2011). To overcome these homeostatic
disruptions, organisms have developed defense mechanisms that respond to various types of
stress (Kourtis et. al., 2011). A highly conserved stress response pathway in both vertebrates and
invertebrates is the p38K pathway (Hotamisligil et.al., 2016). The function of the p38K protein
in response to oxidative stress is well characterized, especially with respect to the repair or
degeneration of oxidatively damaged proteins. Previous studies have also shown that p38Kb
regulates transcription of MnSOD, a mitochondrial antioxidant enzyme, in muscle tissue
(Vrailas-Mortimer et.al., 2011). Additionally, loss of p38Kb mutants show higher levels of
oxidative stress as indicated by a GSTD1 GFP reporter when compared to controls (VrailasMortimer et.al., 2011).
The transcriptional regulation of p38K under the same oxidative conditions remains
largely undetermined. To investigate the transcriptional regulation of p38Kb, previous members
of our lab searched the upstream region of p38Kb in Drosophila to identify potential
transcription factor binding sites. Through this, they identified conserved binding sites for the
transcription factors lola-PT and AP-1 (Ryan et.al., 2020). In Drosophila, lola-PT has been
shown to initiate apoptosis in response to starvation and developmental conditions (Ryan et. al.,
2020). Additionally, high levels of lola-PT in adults exposed to paraquat have been reported
through Model Organism ENCyclopedia Of DNA Elements, or modENCODE (Ryan et. al.,
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2020). AP-1, a heterodimer of the transcription factors fos and jun, also has roles in
development, oxidative stress response, and immunity (Ryan et. al., 2020). Because p38Kb has
been shown to activate jun, there is potential that its expression is partially regulated through a
feedback loop (Ryan et. al., 2020).
Results
Determining if Overexpression of lola-PT or AP-1 is able to Induce p38Kb transcription
To test if either transcription factor was able to induce transcription of p38Kb under
oxidative stress conditions, flies with OE of lola-PT and AP1 were exposed to paraquat and
compared to control flies on normal food. AP-1 OE induced p38Kb transcription under normal
conditions, while over-expression of lola-PT induced p38Kb transcription both under normal and
oxidizing conditions (Ryan et. al., 2020). This indicates that both transcription factors regulate
p38Kb expression with regards to oxidative stress conditions. Next, we investigated if
overexpression of lola-PT and AP-1 induced enough expression of p38Kb to have the same
protective effects against oxidative stress as overexpressing p38Kb directly.
Determining if Overexpression of either lola-PT and AP-1 is sufficient to extend lifespan
under normal conditions or increase survivability of flies exposed to oxidative agent
paraquat
As overexpression of p38Kb in muscle extends lifespan, our lab tested if this same
increase in longevity would also be observed in lola-PT and AP-1 OE backgrounds. Our results
showed that while OE of either transcription factor does not provide the same positive lifespan
extension (Ryan et. al., 2020). Because these experiments were performed under normal
conditions, this lack of lifespan extension may indicate that there is insufficient p38Kb
transcribed to extend lifespan.
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As overexpression of p38Kb in the muscle leads to increased resistance to oxidative
stress (Vrailas-Mortimer et.al., 2011), we tested if lola-PT or AP-1 mediated increase in p38Kb
transcription is sufficient to provide oxidative stress resistance. Therefore, we exposed lola-AP
and lola-PT OE flies, who have shown to increase transcription of p38Kb, to oxidative stress
inducer paraquat in two different concentrations (10mM and 20mM) and determined the
survivability of the flies. Interestingly, we found that at both low and high concentrations of
paraquat, AP-1 OE flies showed increased resistance to oxidative stress (Figure 3, Ryan et. al.,
2020), whereas lola-PT OE only provided protection at low doses of paraquat (Figure 4, Ryan et.
al., 2020). Additionally, the extension in survivability in low concentrations of paraquat for lolaPT OE flies was only seen in later stages of life (Figure 4, left panel). An explanation for this
event is that lola-PT induces p38Kb expression in response to the presence of oxidative stress.
Together, these data indicate that flies have developed distinct regulatory mechanisms for
responding to oxidative stress. We were able to build 2 models called Induction and Buffering
mechanisms to describe these responses (Figure 5).
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Figure 3. AP-1 Mediates Oxidative Stress Resistance. Findings are based on 3 biological
replicates for each genotype. Each replicate consists of 6 individual flies. Significance was
determined by one-tailed Student’s t and Wilcoxon signed rank tests. Resistance to 20mM
paraquat was measured for AP-1 (red) or lola-PT (red) over-expression flies. Resistance to
10mM paraquat AP-1 (red) or lola-PT (red) over-expression flies. Outcrossed GAL4 and
transgene controls are in black and grey, respectively. The following number of animals and
replicates per genotype were as follows: MHC:AP-1 n=120, 8 replicates, W1118:AP-1 n=145,
10 replicates, MHC:lolaPT n=123, 8 replicates, W1118:lola-PT n=106, 7 replicates, and
MHC:W1118 n=75, 5 replicates. In G-H the following number of animals and replicates per
genotype were as follows: MHC:AP-1 n=90, 9 replicates, W1118:AP-1 n=66, 7 replicates,
MHC:lola-PT n=98, 10 replicates, W1118:lola-PT n=68, 7 replicates, and MHC:W1118 n=75, 5
replicates. Differences in survival were assayed using the Log-Rank test.

16

Figure 4. lola-PT Mediates Oxidative Stress Resistance. Findings are based on 3 biological
replicates for each genotype. Each replicate consists of 6 individual flies. Significance was
determined by one-tailed Student’s t and Wilcoxon signed rank tests. Resistance to 20mM
paraquat was measured for AP-1 (red) or lola-PT (red) over-expression flies. Resistance to
10mM paraquat AP-1 (red) or lola-PT (red) over-expression flies. Outcrossed GAL4 and
transgene controls are in black and grey, respectively. The following number of animals and
replicates per genotype were as follows: MHC:AP-1 n=120, 8 replicates, W1118:AP-1 n=145,
10 replicates, MHC:lolaPT n=123, 8 replicates, W1118:lola-PT n=106, 7 replicates, and
MHC:W1118 n=75, 5 replicates. In G-H the following number of animals and replicates per
genotype were as follows: MHC:AP-1 n=90, 9 replicates, W1118:AP-1 n=66, 7 replicates,
MHC:lola-PT n=98, 10 replicates, W1118:lola-PT n=68, 7 replicates, and MHC:W1118 n=75, 5
replicates. Differences in survival were assayed using the Log-Rank test.
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Figure 5. Two Models of Gene Regulatory Mechanisms to Regulate Oxidative Stress
Resistance. A) Describes the Induction mechanism of increased oxidative stress resistance
involving lola-PT mediated p38Kb expression. B) Describes the Buffering mechanism of
increased oxidative stress resistance involving AP-1 mediated p38Kb expression.
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CHAPTER III: EXPLORING THE REGULATION OF p38KB ON COLLAGEN IV IN
DROSOPHILA MELANOGASTER
Introduction
Manipulation of p38Kb in fly muscle leads to significant changes in lifespan, oxidative
stress levels, and protein aggregation (Vrailas-Mortimer et.al., 2011). Specifically, its
overexpression in muscle increases lifespan through the decrease of oxidative stress and protein
aggregation (Vrailas-Mortimer et.al., 2011). Conversely, null mutation of endogenous p38Kb
(p38Kb Delta 45 mutants) negatively affects motor function, increases aggregation and oxidative
stress (Vrailas-Mortimer et.al., 2011). This indicates that p38Kb is a major regulator of the
aging process in Drosophila. The mechanism behind how p38Kb mediates longevity and
healthspan in muscle requires the identification and characterization of p38Kb’s downstream
targets.
Our lab performed a large-scale proteomics screen to identify proteins that change with
age and p38Kb manipulation. Of the proteins that changed with both conditions, an analysis was
made to see if a relationship existed between p38Kb Delta 45 mutants and age-related diseases.
68% of proteins that varied significantly with altering p38Kb are linked to the pathology of limb
girdle muscular dystrophy (LGMD) and 32% showed enrichment of protein levels, which could
indicate protein aggregation. One of these LGMD-associated proteins that showed an enrichment
in the p38Kb mutant background is collagen IV, a major component of the basement membrane
structure that provides strength and rigidity located in the extracellular matrix. Collagen IV is a
heterotrimer consisting of 2 alpha subunits of col4a1, and one alpha vkg subunit, and functions
as one of 3 collagen-like proteins in Drosophila (Wilmes et.al., 2018); (Yurchenko, 1987).
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Mutations in human homologues of Drosophila collagen IV are linked to LGMD in both
Bethlem and Ulrich types. Symptoms associated with collagen-linked LGMD include loss of
locomotor function in conjunction with aging, dystrophic muscles of the pelvic girdle and
shoulders, increased protein aggregation, and increased oxidative stress (Terrill et.al., 2013).
Analysis of the proteomics data allowed our lab to build relative protein expression profiles that
showed how proteins levels varied between OE of p38Kb and controls, and between p38Kb
Delta 45 null mutation flies vs controls, both across age. This data is indicative of comparative
protein levels within a set, and not a way to quantify protein levels themselves. Relative
expression profiles of collagen IV showed that both vkg and col4a1 protein levels vary greatly
compared to the p38Kb manipulated flies (Figures 6-7). However, controls did differ in relative
expression amongst themselves, a phenomenon that can be attributed to their differing genetic
backgrounds (Figures 6-7).
Vkg expression in control flies alternated across life, in contrast to vkg expression in
p38Kb mutants, which was comparatively low until late stages of life (Figure 7). This indicates a
disruption of its formation or maintenance in the mutant background. When examining relative
protein expression of collagen IV subunits in the p38Kb mutant background we observed a peak
of vkg at middle age, followed by a peak of col4a1 in late life (Figure 7). It is unclear why the
subunits of collagen IV were staggered at these points in lifespan.
When p38Kb is overexpressed in muscle tissue of flies, we observed a peak of col4a1 in
early life, followed by a peak in vkg at middle age (unpublished data, generated by Josh Hill),
opposite of what we observed in p38Kb mutants. This evidence further supports that altering
p38Kb has a direct effect on the regulation of collagen IV.
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Given that we have identified collagen IV as a potential target of p38Kb, we hypothesize
that p38Kb regulates collagen IV and disruption of this process contributes to the pathology of
LGMD. We suspect that the timing and levels of collagen IV expression across lifespan is crucial
in the maintenance of healthy muscles, as peaks of vkg and col4a1 expression in p38Kb and OE
appear staggered.
Results
Collagen IV Is Not Transcriptionally Regulated by p38Kb
As p38Kb is a kinase that activates downstream transcription factors, it was necessary to
test if p38Kb regulates the expression of collagen IV with aging. Quantitative PCR (qPCR)
analysis was performed to determine if either subunit of collagen IV had altered transcript levels
of either col4a1 or vkg mRNA in p38Kb Delta 45 mutants (null mutation of p38Kb) compared to
controls at 1 and 3 weeks of age. If p38Kb regulated collagen IV through transcription, we would
expect transcript levels to increase for vkg in middle age, and an increase in col4a1 in old age, as
the relative protein expression data would suggest. However, we found that no significant
difference exists between expression of either vkg or col4a1 in p38Kb Delta 45 backgrounds
(Figures 8-9), suggesting that p38Kb does not transcriptionally regulate collagen IV.
The same analysis was performed on p38Kb OE flies. Expression of vkg mRNA did not
change in p38Kb OE of 1 or 3 week flies, as compared to age matched controls (Figure 10).
Expression of col4a1 mRNA also did not vary significantly between p38Kb OE and age matched
controls (Figure 11). This data coincides with the p38Kb mutant qPCR data and leads us to the
conclusion that expression of collagen IV subunits vkg and col4a1 do not vary with p38Kb
manipulation compared to age-matched controls.
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Testing if Inhibiting Collagen IV Leads to Decreased Lifespan
Lifespan assays on both vkg and col4a1 mutants or tissue specific knockdown using
RNAi were conducted to discern if their lifespan is shortened as compared to control flies
expressing normal levels of wild-type collagen IV. We find that knockdown of vkg decreased
lifespan as compared to controls and also compared to col4a1 RNAi knockdown (Figure 12) .
This suggests that vkg plays an important role in extending longevity. It is possible that vkg
requires more maintenance in the basement membranes of muscle, and that the health of the
muscle is heavily affected by the lack of replenishment when knocked down. This data supports
the idea that Drosophila melanogaster can reliably model the effects of LGMD in a collagen
compromised background.
Testing if Inhibiting Collagen IV Leads to Decreased Climbing Ability
Next, I tested if RNAi knockdown of col4a1 in muscle leads to decreased climbing
ability to potentially model the decreased ambulation in LGMD patients. Preliminarily, I found
that knocking down col4a1 through RNAi in muscle was able to decrease climbing ability in
flies as compared to age-matched (1 week old) controls (Figures 13-14). This supports the idea
that altering the deposition collagen in the basement membrane leads to changes in muscle
morphology, and subsequently alters locomotion.
Peculiarly, overexpressing p38Kb in a col4a1 RNAi background did not rescue the
effects of the col4a1 knockdown on climbing ability. If indeed knocking down collagen in
muscle leads to dystrophic muscle phenotypes and subsequent loss of function, this suggests that
p38Kb regulates a secondary target that aids in either the inhibition of collagen IV processing, or
plays a role in the destruction of collagen IV.
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Figure 6. Relative Protein Expression Profile of collagen IV subunits of p38Kb OE. Relative
expression profile of collagen IV subunits vkg (left) and col4a1 (right). Profiles show expression
of p38Kb overexpression in muscle (black), and UAS GAL4 controls (red, blue). Relative
protein expression profiles range from least expression observed (0.00) to highest expression
observed (1.00) Stretched age profile compares points in lifespan and not actual days, as
lifespans are varied between genotypes.
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Figure 7. Relative Protein Expression Profile of collagen IV subunits of p38Kb mutants.
Relative protein expression profiles range from least expression observed (0.00) to highest
expression observed (1.00) Stretched age profile compares points in lifespan and not actual days,
as lifespans are varied between genotypes. Collagen IV subunit protein levels are altered in
p38Kb mutants. Relative expression indicates the difference in protein expression between
control and p38Kb mutants with age. Vkg protein levels no longer fluctuate in p38Kb mutants
and accumulate at the wrong time. Col4a1 protein levels do change with age in control, but
accumulate late in life in the p38Kb mutants
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Figure 8. Vkg Expression Profile of p38Kb mutants. Expression profiles of Vkg mRNA for
p38Kb Delta 45 1 week and 3 week mutants as compared to w1118 MHC GAL-4 controls of the
same ages. Data was analyzed using a standard t-test and results were normalized.
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Figure 9. Col4a1 Expression Profile of p38Kb mutants. Expression profiles of Col4a1 mRNA
for p38Kb Delta 45 1 week and 3 week mutants as compared to w1118 MHC GAL-4 controls of
the same ages. Results are normalized to expression of housekeeping gene Arp 88. Data was
analyzed using a standard t-test.
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Figure 10. Vkg Expression Profile of p38Kb OE in muscle. Expression profile of vkg mRNA
for p38Kb OE in muscle for 1 and 3 week old flies compared to control w1118 MHC GAL-4
flies of the same ages. Results have not been normalized.
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Figure 11. Col4a1 Expression Profile of p38Kb OE in muscle. Expression profile of col4a1
mRNA for p38Kb OE in muscle for 1 and 3 week flies compared to control w1118 MHC GAL-4
flies of the same ages. Results have not been normalized.
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Figure 12. Lifespan Assay of vkg and col4a1 RNAi knockdown in muscle. Lifespan assay for
vkg (red, RNAi line 106812) and col4a1 (blue, RNAi line 104563) RNAi knockdown in muscle.
Controls are outcrossed to w1118. Vkg RNAi knockdown in muscle decreases lifespan of flies as
compared to col4a1 RNAi knockdown and controls.
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Figure 13. Climbing Assay of col4a1 RNAi knockdown in muscle. Climbing assay of col4a1
RNAi (line 104536 MHC Gal-4) and p38Kb OE (p38Kb; col4a1 RNAi MHC GAL-4) flies
compared to controls outcrossed to w1118.Sample sizes are too small to claim significance.
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Figure 14. Climbing Assay of col4a1 RNAi knockdown and p38Kb OE in muscle. Climbing
assay of col4a1 RNAi (line 104536) and p38Kb OE flies compared to controls. RNAi
knockdown of col4a1 in muscle (orange, left) shows a decrease in climbing ability compared to
age-matched controls. p38Kb OE in col4a1 RNAi knockdown in muscle tissue (orange, right)
shows a worsening in climbing ability compared to col4a1 knockdown alone. Samples need
more replicates to claim significance.
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CHAPTER IV: DEVELOPING A PARAFFIN SECTIONING PROTOCOL TO EXAMINE
ADULT INDIRECT FLIGHT MUSCLE GROUPS IN DROSOPHILA MELANOGASTER
Introduction
Muscle fiber wasting and protein aggregation (within and surrounding cells), are both
phenotypes identified in limb girdle muscular dystrophy patients. To visualize these phenotypes
in a way that preserves muscle morphological integrity and aggregate location with respect to
one another, an approach like paraffin sectioning is preferred over standard muscle group
dissection using tweezers and a scalpel. Paraffin sectioning is an extensive and involved method
of processing tissues to be stained and analyzed using standard immunohistochemistry and
staining methods (Kucherenko et. al., 2010). It is particularly useful in determining integrity of
muscle fibers because both cross and longitudinal sections can be made depending on the
orientation with which the tissue is sliced via microtome. The process involves the removal of
water from the tissue, and its replacement with paraffin wax that will keep the tissue rigid to
prevent it from buckling during the cutting process. Once the sections have been cut, the tissue is
adhered to slides and rehydrated so that they can be stained with water soluble dyes and
antibodies, mounted, and analyzed using confocal microscopy. Because of the delicate nature of
Drosophila thoraxes, adapting and developing a protocol to suit our lab is paramount to visualize
our collagen IV mutant muscle.
Tissue Dehydration and Replacement with Paraffin
Flies were fixed in 4% paraformaldehyde for 48 hours at 4° Celsius to increase the
stability of the tissue. Wings and heads were removed using a scalpel and tweezers, taking care
to not damage the thorax or remove upper legs. Using size 2SP tweezers, flies were picked up by
the legs and placed at the opening of the genotype-labeled collars, and slid towards the back of
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the collar using a size 5 scalpel. Placing all flies in the same orientation allows for even spacing
and uniformity in future steps. Working quickly ensures the flies do not dry out and crack. Next,
using a 5 mL Eppendorf tube, collars were submerged in cold, distilled tap water filled to 4 mL
for 30 mins at room temperature (RT) on a rotator not exceeding 56 revolutions per minute. The
following steps follow standard EtOH dehydration and Histoclear replacement, completed in
5mL Eppendorf tubes at RT on the tissue rotator. Using 1.5 mL Eppendorf tubes does not allow
the collars to be properly submerged in solution. After each incubation, stop the rotator and
move the collars using large tweezers. Tap the collar on a Kim wipe to avoid contamination
between solutions, avoiding the tissue.
Incubations were as follows: 15 minutes 25% EtOH, 15 minutes 50% EtOH, 15 mins
75% EtOH, 45 mins at 100% EtOH at RT. Samples may be stored in 100% EtOH overnight at 4
degree Celsius without using a rotator.
The following incubations were completed at RT in 5mL Eppendorf tubes under the hood: 15
mins 2:1 EtOH to Histoclear, 1:1 EtOH to Histoclear, 1:2 EtOH to Histoclear, 30 mins 100%
Histoclear.
The following incubations were completed at 65 degrees Celsius using a water bath.
Ensure that Eppendorf tubes are pre-filled with paraffin beads and heated to 65 degrees Celsius
for following Histoclear-Paraffin replacement steps. 15 mins 100% Histoclear, 15 mins 3:1
Histoclear to molten paraffin, 15 mins 1:1 Histoclear to Paraffin, 15 mins 1:3 Histoclear to
Paraffin, and 15 mins 100% Paraffin. When switching from Histoclear to paraffin, removing the
fly collar can damage the tissue because paraffin will quickly solidify at RT. The final paraffin
incubation must be completed in a small weigh boat and properly submerged in paraffin. Ensure
that water does not enter the weigh boat. Fly collars in 100% paraffin were cooled at RT
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overnight. This ensures that the wax has entirely solidified with the tissue in its proper
configuration. The next step requires safety goggles and scalpel to remove the paraffin embedded
tissue from the collars. Excess wax is carefully sliced from the collar. Using a delicate stabbing
motion, the scalpel should be inserted along the length of the collar on the side with the
embedded tissue. The tissue should cleanly break away from the collar without cracking or
warping.
Once the tissue is separated from the collar, it is ready to be placed in the mold that is
compatible with the microtome available. Pour a small amount of molten paraffin at the bottom
of the metal mold, and quickly place the tissue block in the preferred orientation for slicing. Add
additional paraffin and place the plastic mold on top of the metal mold in the desired orientation
as well. Continue to quickly add molten paraffin until it overflows the plastic mold; overflowing
is crucial, as the solidified paraffin will bow down and cause weakness in the paraffin block. If
the tissue block did not sufficiently melt and blend into the added paraffin, the block will crack
along the seam during slicing. To combat this, try cut as much of the paraffin from the original
embedded tissue block before placing in the mold. Once the new block has been formed, let cool
overnight at room temperature.
Using a microtome to Generate Tissue Cross Sections Followed by Paraffin Removal
Next, the tissue block needs to be trimmed to remove excess paraffin. The tissue should
be the tallest peak in the block, with each side of paraffin cut 45 degrees from the back of the
block. Remove as much paraffin as possible while still maintaining the integrity of the block.
The block and attached mold is now ready to be placed in the microtome for slicing. Adjust the
slice thickness to 16 microns, and steadily rotate the microtome so that sections of tissue called
ribbons are formed. Take ribbons half the size of the chosen slides using a dry paintbrush and lay
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the ribbon flat directly on a preheated water bath of distilled water set to 60 degrees Celsius.
Float for several seconds until paraffin ribbons are slightly translucent. Gently float the tissue
onto a charged slide, avoiding bunching the tissue. Leave to dry overnight at RT. All water
should be removed from the slide to avoid bubbling of paraffin and tissue during the following
steps.
Staining and Mounting of Rehydrated Tissue Slides
The slides are now ready to begin the staining process. As most commercial stains are
water soluble, the paraffin must be dissolved and replaced with water. Place slides on a slide
warmer set to 65 degrees Celsius and for 2 hours until paraffin is melted, and the tissue is
properly adhered to the top of the slide. Immediately begin next steps and do not allow paraffin
to fully harden.
Using a pipette, introduce xylene to the paraffin with excessive care under the hood. If the slide
is entirely submerged in the xylene, removing the slide will cause the tissue to slide off. Continue
to gently drip xylene until paraffin traces have been dissolved. This will be apparent because the
paraffin will have a slightly opaque white color at room temperature. Do not exceed 14.5 mins of
xylene. This is to be followed by 2 mins in 100% EtOH, 2 mins 95% EtOH, and 3 mins in
distilled cold tap water. The samples are now ready to be stained using standard
immunohistochemistry methods (described in Material and Methods) and mounted. Slides
should be stored at -20 degrees Celsius until ready to be visualized using microscopy.
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Discussion
Development of a Paraffin Sectioning Protocol will allow for more accurate visualization of
basement membrane collagen IV
To minimize artifacts, it is important to avoid the assumption that all collagen IV in the
extracellular space is part of the basement membrane. Collagen IV is found in other areas of the
extracellular matrix in configurations known as Collagen IV Intercellular concentrations, or
CIVICS (Dai et.al., 2017). These areas appear irregular and clumped, as they are responsible for
cell to cell adhesion and have signaling properties involved in immune recognition (Dai et.al.,
2017). This may appear as fibrosis or protein aggregation if slides are prepared using standard
muscle dissections. The use of paraffin sectioning will allow us to see if the concentrations of
collagen are truly aggregates or fibrosis, or merely clusters that have a distinct function.
It is also necessary to test available collagen IV antibodies and verify their specificity to
Drosophila collagen IV. I tested collagen antibodies rb6586 and m3F7 and was unsuccessful in
using confocal microscopy on whole mount muscle immunohistochemistry samples. Both
antibodies were also tested in various concentrations using Western blot analysis, with
background bands at much smaller sizes than expected. An alternative to verification of a
collagen-IV antibody is the use of an endogenous vkg and col4a1 trap. Instead of probing for
either subunit of collagen IV.
Currently, several issues exist with the existing paraffin sectioning protocol; incubation
times for slide baking as listed work best to adhere sections at 16 micron thick sections, and are
able to withstand the incubation in xylene. However, when slides were examined using confocal
microscopy, the tissue appeared cracked and buckled from the slide surface. This indicates
several potential problems: 1. The incubations in ethanol need to be done even more gradually,

36

with either longer incubations, or less of a difference in concentration between solutions. A more
gentle dehydration may preserve the integrity of the tissue more efficiently. 2. The microtome
blade must be sharpened before each use. Previously, the blade was replaced and samples
became less jagged during slicing, which yielded smoother sections. Additionally, cooling the
sections using an ice cube in between sections works to keep the tissue rigid to avoid buckling.
Once a paraffin sectioning protocol is developed, and collagen-IV antibody is verified, I
expect my paraffin sections results to show muscle wasting and deterioration, with fibers pulling
away from their typical organization and decreased mass.
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CHAPTER V: MATERIALS AND METHODS
RNA Extraction and cDNA assembly
Female flies were frozen at -80 degrees Celsius for 48 hours before thorax dissection on
dry ice. All following steps were completed under the hood using RNase-free equipment. 20 mg
of fly thoraxes (ten total thoraxes) were homogenized in 50 ul of Trizol. 150 ul of Trizol were
added for a total volume of 200 ul. Incubate for 5 mins at room temperature (RT). 40 ul of
Chloroform were added, and samples were shaken vigorously. Incubate at RT for 3 mins.
Samples were centrifuged at 12,000g for 15 mins at 4 degrees Celsius. Upper aqueous layer was
removed, without touching the interface. The aqueous layer was added to a new, RNAse free
Eppendorf tube. 140 ul of cold isopropyl alcohol were added and incubated at RT for 10 mins.
Samples were centrifuged at 12,000g for 10 mins at 4 degrees Celsius. Pellet was washed with
200 ul EtOH in RNase free water. Centrifuge at 12,000g for 5 mins at RT. Samples were
aspirated without disturbing pellet, left to air dry for 10 mins under the hood, and resuspended in
50 ul RNase free water and stored at -80 degrees Celsius. Samples were treated with ezDNase
enzyme to remove gDNA contamination per Thermo Fisher Scientific protocol. Samples were
tested for gDNA contamination using PCR protocol, then run in 1% agarose gel using Gel Red
dye for an hour and a half at 99V.
Quantitative PCR
As described in (Ryan et.al., 2020), samples of cDNA from mentioned RNA extraction
and cDNA assembly protocol were used. SYBR green reagents and protocol were followed.
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Western Blot Analysis
10 female thoraxes were dissected on dry ice and homogenized using 30 ul of 1X sample
buffer and boiled for 3 mins in a water bath. Samples were spun for 3 minutes at 12,000 rpm. A
6% polyacrylamide gel was used, as collagen IV is a large protein at expected size 260 kD. 10 µ
of sample were loaded per well. Proteins were run at room temperature at 100 V, and transferred
to a membrane at 350 ma 4 degrees celsius for 75 minutes. Blots were then cut and blocked for
one hour using 4% milk block and probed with primary antibody overnight at 4 degrees Celsius.
Blots were then washed 3 times in 1X TBS for 15 minutes each at room temperature. Blots were
incubated in secondary antibodies at room temperature, washed 3 times in 1X TBS for 15
minutes each, and then incubated in chemiluminescent substrate and developed.
Whole mount Muscle Immunohistochemistry
Whole female flies were fixed in 4% paraformaldehyde at 4 degrees Celsius for 48 hours
then dissected in 1XPBS using tweezers and scalpel. Muscles were then placed in 1XPBST
(Triton-X-100) in a humidity chamber to prevent evaporation for 30 minutes at room
temperature. Next, they were blocked for one hour at room temperature. Primary antibody was
diluted in block and incubated at 4 degrees Celsius overnight. The following day, 3 washes of
1XPBST of 15 mins each were done at room temperature. Secondary antibody in block was
added and samples were incubated in the dark using a humidity chamber. Samples were then
washed with 1XPBST 2 times for 15 minutes each in the dark, followed by a wash in 1xPBS,
and mounted on charged slides with 7 uL of vectashield adhering agent. Slides can then be stored
at -80 degrees Celsius until analysis using confocal microscopy.
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Lifespan Assays
As described in (Vrailas-Mortimer et. al., 2011), all lifespan experiments were conducted
with virgin females at 25 degrees Celsius using Genesee molasses formulation food. All crosses,
including RNAi crosses were completed in bottles at 25 degrees Celsius. Flies were transferred
to new vials as needed. Vials were organized in replicates of 10-15 flies. Death was recorded
daily and plotted.
Paraquat Survivability Assays
As described in (Ryan et.al., 2020), paraquat reagents were added to Genesee molasses
formulation food at a concentration of 10Mm or 20mM. AP-1 and lola-PT overexpression female
virgins were aged and starved for 3 hours, then placed on a paraquat-food mixture and assayed
for death daily. Crosses and flies were reared in Genesee molasses formulation at 25 degrees
Celsius in a 12:12 hour day to night cycle.. Food was changed 2-3 days as needed. Survivability
of females was assayed daily, recorded, and plotted.
Alternative Protein Extraction
PEB+ was added to frozen flies in 1.5mL tube and homogenized. Samples were then
flash frozen in a dry ice/EtOH bath, and thawed quickly at 37 degrees Celsius. Next, the samples
were rocked at 4 degrees Celsius for one hour, and spun at 13k for 30 minutes at the same
temperature. Supernatant was transferred into a new tube and the original tube with the pellet
was discarded. Store the supernatant at -20 degrees Celsius for future use, or place on ice for
immediate use.
Western blot using Pepsin Digested Samples
Six female thoraxes of unknown ages were homogenized in 60µl of 2X sample buffer
sans DTT. 3µl HCl were added to ensure the maintenance of an acidic pH during treatment.
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97µg of dry Pepsin enzyme were diluted in 97 µL mQ water, and 3 µl of this solution were
added to each sample and incubated at 37 degrees Celsius. The reaction was inactivated by
heating to 95 degrees Celsius for 10 minutes, samples were put on ice and transferred to a new
Eppendorf tube. Samples were then run using standard Western blot conditions.
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CHAPTER VI: DISCUSSION
Understanding How p38 MAPK is Transcriptionally Regulated under Oxidative Stress
Conditions
To further understand p38Kb’s role in oxidative stress response, we explored the
regulation of p38Kb transcription under normal and oxidative stress conditions. We hypothesized
that flies have developed different regulatory mechanisms to respond to stress, and our data
supported this. When previous lab members verified that lola-PT and AP-1 overexpression in
muscle was sufficient to overexpress p38Kb, we tested if this increase in p38Kb was enough to
see the the positive effects--increased lifespan, oxidative stress protection, that we see when
overexpressing p38Kb directly (Ryan et. al., 2020). Lab members showed that the
overexpression of both lola-PT and AP-1 was not able to extend lifespan significantly,
potentially because these flies were not under stressful conditions--which may be necessary to
see this positive life extension, or because not enough p38Kb was made to see any positive
extension on lifespan specifically. Our lab previously verified that overexpression of p38Kb
results in more activated p38Kb, but this activation of p38Kb may not happen in lola-PT and AP1 overexpression backgrounds under normal conditions. However, my data showed that lola-PT
and AP-1 overexpression was sufficient to produce protective effects against oxidative stress.
Interestingly, the overexpression of AP-1 lead to increased survivability of flies under both
10mM and 20mM paraquat concentrations, while the overexpression of lola-PT only increased
survivability in the low dose 10mM concentration. This suggests that while both AP-1 and lolaPT are able to induce transcription to a higher baseline amount of functional p38Kb protein, lolaPT’s regulation is limited by the amount of oxidative stress exposure.
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With these data, we developed 2 models, called the induction and buffering mechanisms,
to explain regulation p38Kb transcription under oxidative stress conditions. Under the induction
mechanism, exposure to oxidative stress results in activation of lola-PT, prompting the
transcription of p38Kb, that in turn, leads to oxidative stress resistance. We hypothesize that in
the face of an overwhelming amount of oxidative stress exposure, there is a switch in
mechanisms from induction to buffering. In the buffering mechanism, AP-1 triggers transcription
of excess amounts of p38Kb as a preemptive measure. When the organism then encounters
oxidative stress, it is able to use the readily available supply of p38Kb to extend its survivability
to the oxidative stress. This information shows that transcriptional regulation p38Kb plays a role
in how p38Kb responds to oxidative stress.
Investigating the regulation and role of p38Kb on collagen IV in Limb Girdle Muscular
Dystrophy
An objective of this thesis is to investigate the regulation of p38Kb and how p38Kb
regulates collagen IV in Limb Girdle Muscular Dystrophy. Understanding the relationship
between collagen and p38Kb will give insight into the mechanisms that underlie the aging
process. With this research, we propose to develop Drosophila melanogaster as a model to
understand the pathologies of collagen-related muscular dystrophies, and to contribute to the
understanding of p38Kb’s significant effect on prolonging healthy aging phenotypes.
Determining if Drosophila melanogaster is a Suitable Model for Limb Girdle Muscular
Dystrophy
To determine if altering collagen in Drosophila melanogaster muscle has the same
aberrant phenotypes as LGMD in humans, we knocked down expression of collagen IV subunits
and subsequently measured those effects on lifespan, locomotor function, and loss of muscle
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morphology. Promisingly, we determined that knocking down subunit vkg via RNAi in muscle
was able to reduce longevity in flies as compared to controls and col4a1 RNAi knockdown in
muscle. Because several other col4a1 and vkg RNAi lines exit, we will be to test the strength of
these lines, and potentially see a decrease in longevity when knocking down col4a1 with other,
more effective lines.
Exploring the Potential Secondary Proteins Involved in p38 MAPK regulation of collagen
IV in Drosophila melanogaster
We were able to establish that a relationship between p38Kb and collagen IV exists
within Drosophila melanogaster, but have not verified the exact nature of this relationship.
Quantitative PCR data shows that p38Kb does not regulate the transcription of either subunit of
collagen IV, so we must explore different ways that p38Kb could affect protein levels of
collagen IV as the proteomics data shows. Because collagen IV is so heavily processed within
the cell before reaching its functional, native form, immature forms of collagen interact
intensively with other chaperones and enzymes within and outside of a cell. We analyzed our
proteomics data to find known collagen-associated proteins whose relative expression levels
change with both manipulation of p38K and age. From this, we were able to identify SERPIN
H1, rab5, and MMP-9.
Because knocking down collagen IV leads to a decrease in locomotor function as seen in
our climbing assay, we overexpressed p38Kb in the same col4a1 RNAi background to determine
if this could rescue the locomotor effects of the inhibition. If p38Kb was regulating SERPIN H1,
we would expect no change or a potential rescue in locomotor function, as SERPIN H1 promotes
the folding and intracellular transport of collagen IV. Because p38Kb has been shown to promote
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rab5 trafficking, we would expect to see no change or a potential rescue in locomotor function as
well, not the decrease in locomotor function documented.
I find it unlikely that p38Kb is physically interacting with collagen in the ECM, as p38Kb
activity and presence has only been verified in the nucleus and cytoplasm. If the regulation of
p38Kb is on native forms collagen IV in the ECM, it is likely through the phosphorylation and
expression of a collagenase enzyme matrix metalloproteinase (MMP-9) (Ringshausen et.al.,
2004). As mentioned, this enzyme aids in the remodeling of the extracellular matrix, which
directly involves the degeneration of collagen IV within the basement membrane. My data
suggests that overexpressing p38Kb exacerbates the loss of locomotor function observed in
col4a1 RNAi knockdown in muscle tissue. This is consistent with the idea that collagen
inhibition leads to dystrophic muscular phenotypes.
Testing if Inhibiting collagen IV Leads to Loss of Muscle Structure
Muscle dysfunction is related to changes in muscle structure, as patients with collagenrelated LGMD experience loss of locomotor function in conjunction with muscle wasting
(Kramerova et.al., 2005). In order to visualize if collagen inhibition leads to LGMD muscle
phenotypes in the fly, we will perform paraffin sectioning followed by immunohistochemistry
(IHC) using phalloidin to mark actin fibers, and antibodies for alpha actinin that mark the z-disks
in indirect flight muscle of 1, 3 and 5 week old wild type flies. These ages represent young,
middle, and late stages of life. Standard muscle dissections were performed as a preliminary
protocol test on collagen IV knockdown (both vkg and col4a1) flies with poor, inconclusive
results. Paraffin sectioning is preferred over traditional muscle dissections in order to view the
ECM in its natural configuration and position in relation to muscle fibers, with minimal artifacts.
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Using sucrose gradients and immunohistochemistry to test if inhibiting p38Kb causes
collagen to aggregate
As p38Kb regulates protein aggregation in muscle, it is necessary to test if loss of p38Kb
results in collagen IV aggregation. This can be tested through sucrose gradients, where proteins
are separated by density on p38KbΔ45 null mutants and p38KbEx41 controls at 1 and 3 weeks of
age (30 flies per genotype per age). Protein aggregates travel through the gradient and will be
found in the insoluble pellet. Then, a Western blot can be performed on the different density
fractions/pellet and probe for collagen to determine if it is in the aggregates. An accumulation of
collagen IV in p38KbΔ45 null mutants in the form of aggregation as the flies age, as compared
to controls, is expected.
To test where in the muscle collagen IV aggregates, immunohistochemistry on paraffin
sections of adult indirect flight muscle of p38KbΔ45 null mutants and p38KbEx41 controls at 1
and 3 weeks of age (10 flies per genotype per age) and probe for collagen and polyubiquitin,
which marks the aggregates. The colocalization of collagen with the aggregates in p38KbΔ45 is
expected.
Western Blot Experiments using Various Antibodies and Extraction Methods
Western Blot Analysis using standard extraction and reagents yielded mixed results when
probed with primary antibodies rb6586 from Abcam and m3f7 from Developmental Studies
Hybridoma Bank. Varied background bands of different sizes were observed using a 1:5000
dilution of antibody m3F7, which indicates non-specific binding. When probed for housekeeping
genes, however, clear bands at expected sizes were observed. This indicated to me that there was
either an issue with the specificity of my antibodies, or that the method I was using to extract
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protein was not effective for collagen specifically. The size and location of collagen led me to
use alternative methods of extraction.
The first was a pepsin extraction that is commonly used to extract collagen from
mammalian tissue. This extraction showed no bands at any size, as it had completely annihilated
any trace of protein I extracted. I verified this by staining my blots with Ponceau reagent.
Because I repeated this experiment several times with no discernable trace of protein, I decided
to try an alternative protein extraction with added protease inhibitors. This method would
potentially prevent the degeneration of collagen. This method resulted in a dirty blot, with
rampant non-specific bands. I then used a stronger block designed for use in conjunction with
antibodies with questionable specificity, and still did not see bands at expected collagen IV sizes.
Future work with both antibodies may require antibody clearing through the use of
collagen IV null Drosophila. Because this genetic combination is embryonic lethal,
chromosomes must be balanced over a marker like GFP that allows for the isolation of collagen
IV null mutants through visual analysis. Flies that do not glow under a GFP lamp are null
collagen IV mutants. The premise behind this experiment is to bathe the collagen IV null mutants
in the antibody of choice to allow the antibody to bind to non-collagen proteins. Because there is
no collagen IV present in these embryos, the remaining antibody dilution will be specific to
collagen in subsequent Western blots probing for collagen IV. It is important to note that
collagen deficient flies balanced over GFP do not particularly cling to life, so they must be taken
care of with added honey and a Kim wipe within their vials.
Closing Remarks
Overall, the aim of this study is to understand how an organism is able to manage the
stressors that can overwhelm its cellular environment and lead to a diseased state. Our data
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shows that the regulation of stress response is multifactorial; the results of activating a stress
response mechanism involve a wide assortment of downstream targets and interestingly, we see
that different transcription factors regulate the stress response system itself.
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